. . essential role in Rubisco function. We have used RbcSI for directed mutagenesis studies due to its higher transformation frequency and presumed level of expression.
ALANINE SCANNING MUTAGENESIS
Several directed mutagenesis studies of the small subunit have been performed w i t h cyanobacterial Rubisco expressed in Escherichia coli (reviewed by Spreitzer 1993 . Changes in conserved residues dispersed within primary structure either have little effect, decrease holoenzyme stability, or decrease carboxylation catalytic efficiency. No clear picture of the role of the small subunit has emerged from these studies, and it has been difficult to define functionallysignificant interactions between large and small subunits.
The small subunit of cyanobacterial Rubisco lacks 12 residues of a 22-residue loop (between @-strands A and B) that is characteristic of plant small subunits ( Fig. 1) (Newman and Gutteridge 1993; Schreuder et al. 1993; Andersson 1996) . This @A/@ loop extends between and over the ends of two large subunits from the bottom side of the d/3-barrel active site, and also interacts with the same loop of a neighboring small subunit (Andersson 1996) . Wasmann et al. (1989) inserted the pea RbcS loop region (residues 45 through 65) into cyanobacterial RbcS (replacing residues 45 through 53), performed in vitro transcription and translation of the chimeric gene, and checked for holoenzyme assembly after import of the small subunit into pea chloroplasts.
The chimeric small subunit was now able to assemble w i t h pea large subunits within the chloroplast. Although it would appear that the loop is essential for assembly, subsequent directed mutagenesis dnd chloroplast import studies identified only one residue (Arg-53) that was critical to this process (machmann and Bohnert 1992; Adam 1995) . The other substitutions (E54R, H55A, P59A, D63G, D63L, and Y66A; Rachmann and Bohnert 1992) may have affected Rubisco function, but not enough holoenzyme can be assembled by transport into isolated chloroplasts to permit biochemical analysis. Our primary focus has been placed on examining the significance of the @A/@B-loop residues that are conserved between Chlamyhrnonas and land plants, but that differ or are absent from the loop of the cyanobacterial small-subunit (i.e., Chlamydomonas Arg-59, Ser-64, Tyr-67, Tyr-68, Asp-69, and Arg-71) (Fig. 1) . Although most of these residues and others have now been replaced via directed mutagenesis and transformation of Chlamydomonas, only two (F60A and R71A) fail to restore photosynthesis to the RbcS deletion mutant flable I). In particular, Tyr-67, Tyr-68, and Asp49 a highly conserved residues (Fig. l) , but they are clearly not essential for holoenzyme function or assembly (Table I) . We doubt that the fW@B loop is an "assembly domain" that actively facilitates holoenzyme assembly (Flachmann and Bohnert 1992) . Further biochemical analysis of the mutant enzymes may reveal the true significance of this region w i t h respect to Rubisco function. preliminary results indicate that &V@B-loop substitutions can influence carboxylation efficiency, (2040, specificity, and holoenzyme stability (Table I) . This observation led Flachmann and Bohnert (1992) to conclude that the highly conserved Arg residue was essential for assembly. When the homologous residue in the Chlamydomonas small subunit (pig. 1, Arg-59) was changed to Ala in the current project, we found that this mutant small subunit restored photosynthesis in our RbcS deletion strain (Table I) . Although the mutant Rubisco has some associated thermal instability in vitro (Fig. 2) , Arg-59 is clearly not essential for assembly. Rubisco from wild type (0). Because one could argue that Arg-59 has a different function in Chlamydomonas Rubisco than in pea Rubisco pig. l), we also created 8n R59E substitution. Once again, photosynthesis-. .
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competent transformants were recovered (Table I) . However, in this case, the R59E mutant cells have a greatly-reduced level of Rubisco holoenzyme and grow exceptionally slowly, indicating that the presence of Glu at residue 59 is, in fact, detrimental to Rubisco assembly or stability. In other words, Arg-59 is not essential for assembIy, but a negatively charged residue at this position appears to disrupt holoenzyme stability. Whereas W9A RubiScb has apparently normal kinetic constants, the R59E enzyme has a reduced kt and reduced N2/Oz ratio (Table II) . Thus, the smallsubunit loop can contribute to the catalytic efficiency of the distant large-subunit active site. Further study via directed mutagenesis and transformation in Chlamydomonas will allow this region to be dissected in detail. of thm altered enzyme properties arise .from an rbcL mutation that causes an L290F substitution in large-subunit &strand 5, far from the active site at the bottom of the dpbarrel (Chen et al. 1988 ). More recently, photosynthesiscompetent revertants were recovered from mutant 68-4PP (L290F) that arise from second-site mutations in rbcL (Hong and Spreitzer 1997) . Either an A222T substitution in a-helix 2 or a VZ62L substitution below @strand 4 (Hong and Spreitzer 1997) improves the t h e 4 stability of the original mutant Rubisco and increases its $2 to the wild-type value (Hong and Spreitzer 1997) . The "long distance" interactions between residue 290 and residues 222 and 262 are particularly interesting because all three residues 8ce in Van der Waals contact with small-subunit residues in the pA@B loop (residues Pro-59, Gly-60, and Tyr-61 of spinach) (Fig. 3) (Andersson 1996) . Now that it is possible to perform directed mutagenesis and transformation of the Chla.my&mw small subunit, the significance of these comparable residues can be studied (residues Cys-65, Leu-66, and Tyr-67 in Chlamydomonas, see Fig. 1 ). We have m t e d an L66F substitution in the small subunit that should mimic the effect of the L290F substitution in the large subunit pig. 3). This L66F small-subunit mutant has the same temperature-conditional phenotype as the U90F large-subunit mutant (Chen et al. 1988) , and both mutant enzymes display similar t h e d instability in vitro (Chen et al. 1993 essential for holoenzyme function or assembly. However, the F132UAA mutant emyme displays significant thermal instability in vitro (Fig. 4) , supporting the idea that the C-terminus plays a role in holoenzyme stability. Based on the Galdieria structure, we suspect that the C-terminus of the Chlamydomonas small subunit interacts with the extra six residues of its PA@B loop (Fig. 3) . Temperature ("C)
Random Mutagenesis
Random genetic screening and selection in ChZamydomonas have proven to be quite useful for identifying functionally-significant regions of the Rubisco large subunit (reviewed by Spreitzer (Khrebtukova and Spreitzer 1996) , the probability of getting a deleterious point mutation in both genes simultaneously is vanishingly small (reviewed by Spreitzer 1993). Now that we have a Chlamydomonas strain that lacks both RbcS genes (Khrebtukova and Spreitzer 1996) . the application of in vivo genetic methods is possible.
1993,1998).
XL-1 RED AND TEMPERATURE-CONDITIONAL MUTANTS
With respect to the second specific aim of the current project, random mutagenesis of RbcS in the DNA-repairdeficient XL-1 Red E. coli strain has been found to give rise to temperatmconditional, photosynthesisdeficient strains when transformed into the Chlamydomonas RbcS deletion strain. However, none of these mutants has yet been found to arise from a mutation in RbcS. When grown with acetate at the nonpermissive temperature of 3SoC, all of the mutant strains retain substantial levels of RuBP carboxylase activity. Because DNA integrates into the nucleus by nonhomologous recombination (Kindle l m ) , we anticipated that the transforming DNA might produce nonspecific temperatureconditional mutants by disrupting other genes. We also expect that temperatureconditional RbcS mutants will be rare (reviewed by Spreitzer 1993). Thus, it is still necessary to sewn more colonies to assess the utility of this method. Even one temperatureconditional RbcS mutant could be extremely valuable for identifying important regions of the small subunit (e. g., Spreitzer 1998).
SMALL-SUBUNIT SUPPRESSION
We have made an interesting discovery via genetic selection that has become a focus for further study. (Fig. l) , we found that either an N54S or A57V substitution in the RbcS2 small subunit can complement the L290F substitution. Of the three revertant strains analyzed, one contained the RbcS2-N54S mutation and two contained the RbcS2-A57V mutation. These small-subunit substitutions increase the amount of Rubisco in 35"C-grown cells to the wild-type level. A comparison of Rubisco enzymes purified from 25°C-grown cells also indicated that the RbcS mutations improve catalysis of the original 68-4PP (L290F) mutant enzyme by increasing its 52
value to that of wild-type Rubisco ("able III). This is an exciting finding because we now have evidence that the small-subunit &4/gB-loop region can, in fact, influence Rubisco 52. Genetic analysis of the R116-1B and R116-10C revertants, which contain the RbcS2-N54S and RbcSZ-A57V suppressor mutations, respectively, confirmed that the suppressors were inherited in a Mendelian pattern and have similar map distances ( Table N ) . After recovering m f revertants from these crosses, backcrosses were performed to obtain progeny that lacked the original 68-4PP rbcL mutation but retained the RbcS2 suppressor mutation. In the absence of the rbcL mutation, both suppressors were found to have wild-type hotosynthesiscompetent) phenotypes. Strains mutant RbcS2 small subunits. It is also inkmting that the small-subunit N54S and A5N that contain an RbcS2 suppressor mutation are, T n fact, heterogeneous for wild-type RbcSI and substitutions occur in the region of the gA/gB loop that is six residues Ionger than the land-plant small-subunit j3A/pB loop (Figs. 1 and 3) . We suspect that this inserted region is relatively far from both the large-subunit L290F substitution and the large-subunit residues that suppress it (A222T and V262L) (Hong and Spreitzer 1997) (Fig. 3) . 'All progeny receive the temperature-conditional chloroplast rbcL-L290F mutation, but only two in a tetrad receive the nuclear RbcS2 suppressor mutation. In the absence of the suppressor, progeny lack photosynthesis at 35% and require acetate (ec) for growth.
Segregation was scored relative to the centromere-linked paralyzed flagella of) marker, which allows parentalditype (PD), nonparentalditype (NPD), and tetratype (T) tetrads to be defined.
bDistances (% recombination) between the RbcS2 suppressors and their centromeres were calculated as 0.5T I (PD + NPD + T).
DNA sequencing and restriction-enzyme analysis have been used to verify that RbcSl has a wild-type sequence and that the RbcS2 mutations genetically linked with the suppressor phenotypes (e. g., see Fig. V ) . This work has also allowed the identification and recovery of strains that contain the RbcS2 sumressor mutations but backcross progeny in Fig. si, lanes 9 and 10) . 1 2 3 4 5 6 7 8 9 10 lack the original rbcLL29OF mu6tion (e. g., Figure V . Segregation of the RbcS2-ASN suppressor mutation in reciprocal crosses.
DNA was purified, and a 818-bp RbcS2 sequence was amplified by PCR. The PCR product was digested with Haelll and separated on a 3.5% agarose gel. The mutation eliminates a Haelll site, increasing the size of a 189-bp fragment to 210 bp. Lane ll wild type; lane 2, revertant R11G-IOC (RbcS2-A57V, rbcL-L29OF); lanes 343. progeny from the cross R1161OC mf* X wildtype m t (progeny 3 and 5 had temperatureconditional, acetate-requiring phenotypes); lanes 7-1 0, progeny from the cross wild-type mf*X R116-IOC m f (progeny 7-10 had wildtype phenotypes).
Because we have a strain that lacks both RbcS genes (Khrebtukova and Spreitzer 1996) , me have recently succeeded in transforming each of the RbcS2 suppressor genes into Chlamydomonas in the absence of RbcSl. If the suppressors improve the Vc and SZ of mutant rbcLL29OF Rubisco, perhaps they will improve the wild-type enzyme. However, the RbcS2-N54S and RbcS2-AS7V strains were recovemi at a substantially lower transformation frequency (2.5 X lo-') than that for the wild-type RbcS2 gene (3.4 X lo6), indicating that the homogeneous RbcS2-N54S and RbcS2-A57V enzymes may be compromised in function or stability. By employing the [3H]R~BP/ NaH"C0, dual-labeling assay (Jorddn bnd Ogren 1981a), we havd recently found that the RbcS2 mutant enzymes have wild-type SZ values. Further kinetic analysis of the mutant enzymes is in progress. Regardless of the outcome, the discovery of these small-subunit substitutions will help guide future directed-mutagenesis studies of the pA/pB loop.
X-Ray Crystallography
In a separate but related project, we are also making progress towards solving the X-ray crystal structure of Chlamyabmonas Rubisco (Yen et al. 1998) . Once this structure is available, it will become easier to ask questions about the largdsmall-subunit interface.
Expression of Foreign Small Subunits
The kinetic constants and COJO, specificities differ among Rubisco enzymes from phylogenetically diverse species (Jordan and Ogren 1981b) . To determine whether these differences may arise from differences in the small subunit, we have tried to complement the photosynthesis deficiency of OUT RbcS deletion mutant with RbcS genes from land plants. A few attempts with genomic clones proved unsuccessful, and we assumed that differences in introns and transit peptides may prevent expression of m a t u r e plant s d subunits in Chlamydomonas. As a first step for eliminating these potential problem, we used directed mutagenesis to construct a gene in which the m a m small-subunit coding region of the Chlamydomonas RbcSl gene is replaced exactly by the matwe small-subunit coding region of Chlamydomonas RbcS2 cDNA (Goldschmidt-clermont and Rahire 1986). In other words, this new gene has wild-type 5' and 3' genomic flanking sequences and encodes the transit peptide, but it lacks the three introns that are characteristic of the Chlamyhmow RbcS genes (Goldschmidt-Clermont and Rahire 1986). The objective was to exploit engineered xmal and XbuI restriction sites for the routine, but precise, exchange of foreign RbcS cDNA in place of the mature protein coding region of Chlamydomonas RbcSI. However, initial attempts at transforming the RbcS deletion mutant with the Chlamydomonas RbcS2 cDNA construct failed. Attempts with spinach RbcS cDNA (Martin et al. 1996 ) and the cyanobacterid gene (Kleman et al. 1996) precisely replacing the ChZamy&rnow mahm small-subunit coding xcgion also proved unsuccessful. To determine that our constructions were error free, we replaced the Chlamydomonas RbcS2 cDNA sequence with the missing genomic sequence and observed transformation at the usual frequency.
Only recently have we succeeded in obtaining several Chlamydomonas RbcS2 cDNA transformants. This was accomplished by providing a long expression t i m e after transformation to allow for the accumulation of Rubisco to maximal levels prior to selection (e. g., Spreitzer and Chastain 1987) . However, the transformation frequency may be too low for the recovery of foreign RbcS cDNA transformants, which we assume will be expressing Rubisco at lower levels or in compromised conditions. Other approaches may be necessary for expressing foreign small subunits in Chlamydomw. Lumbreras et al. (1998) have recently found that introns 1 and 2 of Chlamydomonas RbcS2 can increase the transformation frequency and level of mRNA for a bacterial gene expressed in Chlamydomonas. However, when we eliminated only intron 3 during the engineered replacement of the longer BA@B-loop region of Chlamydomonas RbcSl with the shorter BA/BB region of spinach RbcS, no photosynthesis-competent transformants were obtained. Either the longer @A/@ loop is required for assembly or function of Chlamydomonas Rubisco, or intron 3 also plays a significant role in small-subunit expression.
